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Abstract: We demonstrate spectral filtering with state-of-the-art Bragg 
gratings in plasmonic V-groove waveguides fabricated by wafer scale 
processing based on nanoimprint lithography. Transmission spectra of the 
devices having 16 grating periods exhibit spectral rejection of the channel 
plasmon polaritons with 8.2 dB extinction ratio and −3 dB bandwidth of ∆λ 
= 39.9 nm near telecommunications wavelengths. Near-field scanning 
optical microscopy measurements verify spectral reflection from the grating 
structures, and the oscillations of propagating modes along grating-less V-
grooves correspond well with effective refractive index values calculated by 
finite element simulations in COMSOL. The results represent advancement 
towards the implementation of plasmonic V-grooves with greater functional 
complexity and mass-production compatibility. 
©2012 Optical Society of America 
OCIS codes: (230.7380) Waveguides, channeled; (240.6680) Surface plasmons; (350.2770) 
Gratings. 
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1. Introduction 
Surface plasmon polaritons (SPPs) – electromagnetic waves that propagate along the surface 
of a metal-dielectric interface [1] – have received renewed interest in recent years due to 
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technological advances that allow metals to be routinely structured and characterized on the 
nanoscale. SPPs offer unique attributes to the field of applied optics owing to their ability to 
concentrate light below the diffraction limit [2–4]. This forms the underlying principle 
concerning the development of numerous SPP-based subwavelength guiding components 
such as nanowires [5–7], nanoparticle chains [8–10], dielectric-loaded metal films [11] and 
plasmonic slot waveguides [12]. The reduced cross section of SPP waveguiding has generated 
a keen pursuit toward the goal of downscaling photonic circuitry [13], although the 
simultaneous realization of a configuration with strong confinement and sufficiently low 
propagation loss has been elusive. 
Among the diverse SPP waveguide types available, both subwavelength structures 
containing dielectric gaps [14] that support channel plasmon polaritons (CPPs) [15, 16] and 
hybrid plasmonic configurations [17, 18] are thought to be most suitable to optimize the trade-
off between lateral confinement and propagation loss. In this regard, plasmonic V-shaped (or 
W-shaped [19]) dielectric gap waveguides are a distinctly promising candidate, where CPP 
modes are bound to and propagate along the metal groove [20, 21]. V-groove CPP properties 
offer subwavelength confinement [22], propagation lengths beyond 120 µm for 
telecommunications wavelengths [23], broadband transmission [24], single moded operation 
[25] and efficient transmission around sharp bends [26], together enabling the realization of 
compact Mach-Zender interferometers, Y-splitters, waveguide ring resonators [24], add-drop 
multiplexers and Bragg grating filters (BGFs) [27]. Furthermore, the intensity distribution of 
V-groove CPPs are highly tailorable, either by geometrical design for the purposes of 
nanofocusing [28–30] or confinement optimization [21, 31, 32], or by simply tuning the 
excitation wavelength [33–35]. Accordingly, V-grooves offer tremendous potential for 
various near-field-based applications ranging from miniaturized information processing to 
lab-on-a-chip sensing, although their substantive implementation is dependent on improved 
device assembly, both in terms of structure quality and fabrication throughput, as well as 
continued sophistication. 
In this work we develop a process for producing plasmonic V-grooves with state-of-the-
art BGFs via wafer-scale nanoimprint lithography (NIL) [36, 37]. In contrast to previous work 
by Volkov et al. [27] where a V-groove BGF was created after milling 5 periodic wells across 
the groove by focused ion beam (FIB), we form the grating corrugation and V-groove profile 
simultaneously using nanoimprint processes with a pre-defined e-beam lithography (EBL) 
patterned silicon stamp. Additional fabrication steps subsequently yield devices that are 
separate and suitable for optical characterization. The technique avoids some of the 
drawbacks inherent to FIB milling and represents an extension of earlier results that reported 
on the fabrication of devices containing smooth sidewall V-grooves using NIL technology 
[23, 38]. To validate the process we experimentally characterize our devices using 
transmission spectroscopy, showing that a 16-period V-groove BGF exhibits spectral filtering 
with an 8.2 dB extinction ratio and −3 dB bandwidth of ∆λ = 39.9 nm near 
telecommunications wavelengths. Additionally, we verify the transmission response using 
near-field scanning optical microscopy (NSOM), showing a distinct wavelength rejection 
induced by the BGF. The oscillations of the propagating CPP modes observed by the NSOM 
measurements correspond well with effective refractive index values calculated by finite 
element simulations in COMSOL. We believe the results denote a key development towards 
an advanced, mass-production-compatible application of plasmonic V-grooves suitable for 
purposes ranging from photonic circuit miniaturization to lab-on-a-chip sensing. 
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Fig. 1. (a) Distribution of the devices over a 4 inch wafer. (b) Illustration depicting the V-
grooves along the device cross-bar. (c) and (d) The fabrication process of both (c) stamp, and 
(d) device. (e) A 6 mm × 6 mm gold device next to a common match. The crossbar of the 
device contains 10 V-grooves. (f) Tilted SEM image of a V-groove containing a BGF. 
2. Device and fabrication 
The layout of the devices distributed over a 4 inch wafer is shown in Fig. 1(a). Forty devices, 
each containing 10 V-grooves, are made during a single imprint. The H-like geometry of the 
devices contains the grooves along the crossbar (Fig. 1(b)), where the crossbar dimensions are 
chosen to provide a variation in groove length ranging from 105 µm to 371 µm. The V-
grooves themselves are designed to be 4.0 µm wide with fixed groove angle 71°, 
corresponding to a depth of 2.8 µm. The BGFs are located 35 µm away from the flat side end 
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facet of the V-groove. The overall layout is designed to facilitate end-fire coupling from an 
optical fiber together with large lapels for ease of handling. 
The fabrication of gold V-groove waveguides containing BGFs is illustrated in Figs. 1(c) 
and 1(d) and is derived from previous works [23, 38]. The process is based on a double 
replication procedure and consists of stamp fabrication and then device formation in gold on a 
polymer substrate. The silicon stamp, containing both V-grooves and grating features, is 
imprinted for the first replication into poly(methylmethacrylate) (PMMA) followed by 
deposition of a gold layer. A flexible polymer (Ormocomp [39]), cast over the gold and 
patterned by UV exposure, becomes the device substrate and facilitates the second replication 
in such a way that the gold maintains the shape, smoothness and vertex sharpness of the initial 
stamp. The principal advantages of the technique are high quality features, both in terms of 
the groove sidewalls and the BGF structure, and the ability to perform wafer-scale parallel 
processing. A resulting device is shown in Fig. 1(e) beside a common match. A scanning 
electron microscope (SEM) image of a V-groove BGF is shown in Fig. 1(f). More details of 
the fabrication are described below. 
2.1 Stamp fabrication 
The stamp fabrication process is illustrated in Fig. 1(b) and is made with a 4 inch (100) silicon 
wafer. First, a silicon dioxide layer is grown on the silicon substrate and patterned via EBL 
and reactive ion etching (RIE). The V-grooves are then formed by anisotropic wet etching of 
the exposed silicon in a KOH bath, where the silicon dioxide openings that allow V-groove 
formation by the KOH must be parallel to a á100ñ crystallographic direction of the substrate. 
The KOH wet-etch yields smooth V-groove sidewalls with fixed groove angle of 71°. The 
groove shape may be optionally tailored via an additional oxidation process that reduces 
(sharpens) the angle [38]. 
A second EBL step is used to pattern the grating structures. The electron beam dosage is 
modulated transversally across the V-groove profile such that the groove center is exposed 
with 200 µC/cm2 and gradually reduced to 100 µC/cm2 at the groove opening ridges. The 
modulation accounts for the V-groove topography causing a variation of both the EBL resist 
thickness during spin-coating and the surface distance away from the electron beam focus. 
The grating structures are then transferred to the silicon substrate by RIE. Finally, after 
application of an anti-stiction coating by molecular vapor deposition (MVD), the stamp is 
completed and ready for imprint. 
2.2 Device fabrication 
Device fabrication by nanoimprint lithography is illustrated in Fig. 1(d). The stamp is 
imprinted into a 4 µm-thick layer of PMMA at 180°C and 15 kN for 30 minutes. An optically 
thick 200 nm gold layer is evaporated on the PMMA, followed by an additional 10 nm of 
titanium. A 4 mL volume of Ormocomp is cast over the titanium, maintained at 55°C for 30 
minutes to promote adhesion and ensure a uniform ~500 µm thick Ormocomp layer. A 100 s 
UV exposure of the Ormocomp with a UV-mask defines the H-like shape of the substrate for 
each device and the unexposed material is developed away in Ormodev. The exposed 
Ormocomp regions are then used as a mask during an ion beam etch to remove the 
unprotected titanium and gold and assists with obtaining devices with smooth end-facets. The 
devices are released by dissolving the underlying PMMA layer in an acetone bath with 
ultrasonic agitation, yielding overall structures shown in Fig. 1(e). The large lapels make for 
straightforward handling of the single devices, which are individually transferred to an 
isopropyl alcohol bath for cleaning and finally left to dry. The greater adhesion of titanium to 
Ormocomp (rather than gold to PMMA) enables the replication of stamp features in gold on 
Ormocomp. An image of a resulting V-groove containing a 16-period BGF taken by SEM at a 
15° tilt is shown in Fig. 1(f). 
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We measure the BGF dimensions via SEM for both the silicon stamp (Fig. 2(a)) and gold 
devices (Fig. 2(b)). The periodicity within the stamp is found to be Λ = 761 ± 10 nm and in 
the gold device Λ = 757 ± 10 nm, with the uncertainty arising from the SEM resolution. The 
widths of the V-grooves within the stamp are 4.0 µm and in the gold devices 3.4 µm. This 
transverse contraction of the device from the stamp may be attributed to Ormocomp shrinkage 
during the cross-linking step. A reduced magnification SEM image of the BGF and the V-
groove is shown in Fig. 2(c). We additionally characterize the fabricated device topography 
using an atomic force microscope (AFM) (Figs. 2(d) and 2(e)). We show a transverse cross-
section of a V-groove in Fig. 2(d), where based on the measurement we estimate the curvature 
radius of the groove vertex to be 15 nm. A cross-section of the BGF corrugation close to the 
vertex is shown in Fig. 2(e), where the grating depressions are found to be 96 ± 8 nm deep 
and the duty cycle averages to 43%. 
 
Fig. 2. (a) SEM image of a Si stamp V-groove with BGF. (b) SEM image of a gold V-groove 
device with BGF. (c) General SEM image showing a V-groove of a gold device with a BGF. 
(d) Transverse profile of a gold V-groove taken by AFM. (e) BGF topography taken by AFM 
near a gold V-groove vertex. The corrugation has 96 ± 8 nm depressions with 43% duty cycle. 
3. Experimental results 
We characterize our devices by NSOM and transmission measurements using similar but 
separate experimental setups; a schematic is illustrated in Fig. 3. In both cases, two 
polarization-maintaining (PM) single-moded lensed optical fibers, each placed on 6-axis 
stages, are used for light launch and collection in an end-fire configuration where the source is 
transverse-electric polarized (TE-like with the e-field mostly parallel to the device surface 
plane). A top view far-field microscope objective (visible and IR imaging) is used to assist 
fiber alignment to the V-grooves. In order to determine exclusive coupling to a CPP mode, 
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either NSOM scanning or far-field observation of light intensity exiting the V-groove end 
facet is required. 
 
Fig. 3. Experimental setup for NSOM and transmission measurements. Two PM lensed optical 
fibers on 6-axis stages are used for end-fire launch and collection. A scanning NSOM tip may 
simultaneously probe the near-field light intensity while light is coupled to the V-groove. 
3.1 Transmission spectra 
Transmission spectra of the V-groove devices are recorded in a free-space setup as illustrated 
in Fig. 3 with an optical spectrum analyzer (OSA) (400-1750 nm, Ando AQ-6315E) using a 
supercontinuum light source (500-1750 nm, SuperK SCB-Compact 100-PC). For launch fiber 
alignment, an objective is used to focus the output image to an infrared camera that displays 
the intensity exiting the output V-groove facet and assists with finding the condition for 
unique CPP coupling (Fig. 4(a)). After alignment is satisfactory, a collection fiber is 
introduced and positioned, replacing the objective. Due to the straight nature of the 
waveguides, care is taken to align the collection fiber to reduce the contribution of free space 
coupling from the launch fiber while maintaining sufficient output signal from the device to 
overcome the OSA’s minimum detection. 
The transmission through a 311 µm-length V-groove containing a 16-period (12.1 µm-
length) BGF is shown in Fig. 4(b). The spectral signature of the BGF device exhibits a −3 dB 
bandwidth of ∆λ = 39.9 nm with 8.2 dB extinction ratio taken from first reflection minima. 
This compares to the reported values of: a ∆λ = 0.5 nm bandwidth with 10 dB extinction ratio 
for a 5 mm-length grating in a long-ranging SPP waveguide [40], a reflection coefficient of 
25% for 10 air-gap slits (4 µm-length) on a metal ridge SPP waveguide [41], and a factor of 
~3 suppression over a bandwidth of ∆λ = ~100 nm for a 5-period (3.75 µm-length) grating in 
a FIB milled V-groove CPP waveguide [27]. In the inset in Fig. 4(b), the reference 
transmission through a similar but grating-less V-groove (no BGF) in dBm scale is shown. As 
can be expected, longer wavelengths propagate further along the V-groove – i.e. lower 
propagation loss – due to decreasing confinement to the metal. 
We apply a Gaussian fit to the bandstop region for the BGF trace in Fig. 4(b) to assist 
determining the transmission minimum, found to occur at a free-space wavelength of λ0 = 
1454 nm. This value is close to twice the BGF period but 4% shorter. When applying a 
periodic stacked media approach we are unable to accurately reconcile the spectral position of 
the measured peak reflection and therefore at present do not offer a rigorous explanation for 
the offset. However, a similar result has been observed by Volkov et al. [27], where the 
possible involvement of more complicated physical phenomena is mentioned. The difference 
in extent of the wavelength offset from two times the BGF period (4% in our case versus 2% 
in [27]) suggests that the variation in geometrical parameters such as V-groove angle and the 
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BGF corrugation profile play a role. Nevertheless, we refrain from definitive conclusions until 
further detailed investigations are made. 
 
Fig. 4. Transmission measurements. (a) Light intensity exiting a V-groove end facet imaged 
with an objective and IR camera, showing successful coupling to a CPP mode. (b) 
Transmission spectrum through a 311 µm-length V-groove containing a BGF using a PM 
lensed fiber for collection. The filter −3 dB bandwidth is ∆λ = 39.9 nm and the extinction ratio 
is 8.2 dB. The center wavelength is λ = 1454.4 nm. Inset: reference transmission (vertical axis 
is dBm units) obtained for a similar V-groove without BGF. 
3.2 Near-field scanning optical spectroscopy measurements 
In Fig. 5 we verify the transmission results via NSOM scanning measurements performed on 
plain and BGF-containing V-grooves using a free-space experimental setup as illustrated in 
Fig. 3. The NSOM tip is metallic coated with 300 nm aperture (NANONICS MultiView 
4000), a tunable laser source (1460-1580 nm, Agilent 81680A) is used to excite the CPPs and 
a pW InGaAs Agilent 81634B detector assists with alignment. The CPP mode, propagating 
left to right, is represented in the figures by the local intensity collected along the scanning 
path of the NSOM tip. It is important to remark that the intensity is collected only where the 
NSOM tip’s shape and size are permitted within the transverse V-groove profile [32]. 
NSOM measurements along a 311 µm-length V-groove containing a 16-period BGF are 
presented in Figs. 5(a), 5(b) and 5(c), displaying the response both within the Bragg reflection 
band, λ = 1465 nm, and beyond, λ = 1550 nm. Both images are obtained with the same fiber 
coupling arrangement. The scanning field regions in Figs. 5(b) and 5(c) are 5.0 µm × 27.9 
µm, where the observed curvature of the CPP propagation is attributed to drifts during 
measurement. It is clear that rejection of the propagating light occurs for λ = 1465 nm as it 
interacts with the grating corrugation, while for λ = 1550 nm this effect is reduced. The 
topography obtained by an AFM scan along the V-groove is shown in Fig. 5(d) with a cross-
section close to the vertex plotted in Fig. 5(e). 
To provide a reference for the above measurements, we perform NSOM scans along a 
similar but grating-less V-groove, shown in Figs. 5(f), 5(g) and 5(h), again for the excitation 
wavelengths of λ = 1465 nm and λ = 1550 nm. The panel region is 5.0 µm × 15.0 µm to 
reduce defects and drift. The topography obtained by AFM scan along the V-groove section is 
plotted in Figs. 5(i) and 5(j). 
We obtain the propagation lengths for the CPPs from an exponential fit of the optical 
signal along the propagation direction. These are found to be α−1 = 30.3 µm and α−1 = 36.0 µm 
for the excitation wavelengths λ = 1465 nm and λ = 1550 nm respectively. As noted in other 
work previously [23], there is a non-negligible dependence on the coupling arrangement in 
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terms of the angular alignment of the launch fiber and the profile of the V-groove end-facet. 
Nevertheless, these values are in agreement with relative propagation lengths excited by the 
different wavelengths [23]. 
The extinction ratio offered by the BGF in Fig. 5(b), Io/Ii, is found to be 4.5 ± 0.9, where Ii 
and Io are taken before and after the corrugation at 8 µm and 23 µm propagation coordinates 
respectively. The uncertainty is related to measurement noise and the propagation loss 
determined from Fig. 5(g) is considered. Although the signal to noise ratio is low, it is 
nevertheless clear that the optical signal reduces rapidly within the BGF region, indicating 
that a smaller number of periods would suffice to provide reasonable wavelength rejection. 
 
Fig. 5. (a), (b) and (c): NSOM measurements for a V-groove containing a 16-period BGF. (a) 
Intensity profiles along the V-groove taken from the 5.0 × 27.9 µm panels of (b) and (c) for the 
excitation wavelengths λ = 1465 nm and λ = 1550 nm respectively. (d) Topographical image 
taken by AFM for the same region of (b) and (c). (e) Cross-section close to the V-groove 
vertex from (d) with inset: 5 × 1 µm panels showing topography and near field optical intensity 
(λ = 1550 nm) taken simultaneously by NSOM probe. (f), (g) and (h): NSOM measurements 
for a V-groove without BGF. (f) Intensity profiles with fitted propagation decay curves along 
the V-groove taken from the 5.0 × 15.0 µm panels (g) and (h) for the excitation wavelengths λ 
= 1465 nm and λ = 1550 nm respectively. (i) Topographical image taken by AFM for the same 
region of (g) and (h). (j) Cross-section close to the V-groove vertex from (i) with inset: 5 × 1 
µm panels showing topography and near field intensity (λ = 1550 nm) taken simultaneously by 
NSOM probe. 
4. Simulation and comparison with experiment 
We perform finite element method (FEM) simulations in COMSOL for 3.4 µm-wide gold V-
grooves similar to fabricated devices, shown in Figs. 6(a) and 6(b) as time-averaged intensity 
distributions for the optical modes of λ = 1465 nm and λ = 1550 nm. We consider only TE 
polarized incident light where the E-field is oriented parallel with the horizontal surface plane 
and use tabular gold dielectric constants [42]. We have filleted the V-groove corner features 
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to 15 nm curvature radius at the vertices and wedges in order for the simulated structures to 
correspond with real devices and avoid computational singularities. 
 
Fig. 6. Intensity distributions of the fundamental optical modes for a 3.4 µm-wide gold V-
groove excited by free-space wavelengths (a) λ = 1465 nm and (b) λ = 1550 nm. Panels are 6 × 
8 µm. (c) Vertical intensity profiles obtained in (a) (dashed black) and (b) (solid red) taken 
along the y coordinate at the V-groove vertices. 
The effective refractive indices of the calculated CPP modes are found to be neff(1465 nm) 
= 1.016 + i1.860 × 10−3 and neff(1550 nm) = 1.010 + i9.948 × 10−4. We compare these values 
with the near-field oscillations of the propagating CPPs obtained via NSOM measurements in 
Figs. 5(g) and 5(h). The CPP intensity oscillation excited by a coherent source should follow 
λ/2neff – i.e. λ = 1465 nm → 721.0 nm and λ = 1550 nm → 767.3 nm. Applying a Gaussian fit 
to the periodic peaks found in Figs. 5(g) and 5(h), we arrive at average oscillations of 715 nm 
and 765 nm, respectively, indicating that the experimental oscillations are in agreement with 
prediction and lie within ± 10 nm of data resolution uncertainty. A summary of the values 
obtained from FEM calculations and experiments are represented in Table 1. 
Table 1. Numerically Calculated and Experimental CPP Mode Characteristics 
λfree space
 
neff(FEM) λCPP/2(FEM) λCPP/2(exp) dpen(FEM) α−1(FEM) α−1(exp) 
1465 nm 1.016 + i1.860 × 10−3 721.0 nm 715 nm ± 10 nm 538.5 nm 62.7 nm 30.3 nm 
1550 nm 1.010 + i9.948 × 10−4 767.3 nm 765 nm ± 10 nm 789.8 nm 124.0 nm 36.0 nm 
CPPs excited by longer free space wavelengths exhibit increasing extensions of the 
propagating mode intensity away from the V-groove metal surface, as shown in Fig. 6(c). In 
our case, a 5.8% wavelength increase (λ = 1465 nm → 1550 nm) corresponds to a 46.7% 
increase in penetration of the mode profile into the air (dpen = 538.5 nm → 789.8 nm), taken as 
the 1/e intensity decay vertically upward from the V-groove vertex. This relates to the reduced 
propagation loss of longer wavelength CPPs since proportionally more energy of the mode is 
in air rather than the lossy metal. From the imaginary part of the refractive index we calculate 
the propagation lengths to be α−1 = 62.7 µm and α−1 = 124.0 µm for the wavelengths λ = 1465 
nm and λ = 1550 nm, respectively. The lower measured values of propagation lengths may be 
attributed to imperfection in the V-groove shape, metal roughness, water condensation and 
inferior properties of the thin metallic layer as compared with bulk properties. 
5. Conclusion 
We report on the demonstration of wavelength filtering via Bragg gratings in gold V-groove 
waveguides fabricated by wafer-scale nanoimprint lithography. We optically characterize 
fabricated devices using both transmission and NSOM measurements near 
telecommunications wavelengths. We show that 16 grating periods exhibit an 8.2 dB 
extinction ratio of the CPPs at the rejection wavelength with a −3 dB bandwidth of ∆λ = 39.9 
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nm. A 4% shortening of the central rejection wavelength from twice the BGF period could not 
be explained solely by device shrinkage and Bragg stack calculations, and a comparison with 
other similar work suggests that geometrical parameters such as V-groove angle and BGF 
corrugation profile play a deeper role. NSOM measurements verify spectral filtering from the 
grating structures, and the oscillations of propagating CPP modes along grating-less V-
grooves are in agreement with effective refractive index values calculated by finite element 
simulations in COMSOL. 
We remark that, in addition to the high quality features and the ability to characterize 
device transmission properties, the fabrication process to form BGFs in plasmonic V-grooves 
can be readily translated to operate at visible wavelengths for both shallower and deeper V-
groove geometries. Furthermore, it is reasonable to consider implementing a second order 
surface grating coupler to facilitate improved coupling to the V-groove CPPs, thus avoiding 
the momentum mismatch issues that are inherent to the end-fire coupling technique while also 
mitigating the problem of fiber coupling dependence. As of this writing, however, the 
approach suffers one important drawback compared to its FIB milling counterpart: it cannot 
produce curved waveguides owing to the crystallographic-based wet-etch step in the stamp 
production. While the resulting sidewalls are smooth, the potential for immediate application 
is currently limited. Nevertheless, recently developed processes offer promise in this regard, 
such as variable e-beam exposures to define the waveguides [43] and a following oxidation 
step to controllably sharpen the V-groove vertices [38]. 
Finally, we believe the findings represent an important milestone towards a sophisticated, 
mass-production-compatible application of plasmonic V-grooves for not only photonic circuit 
miniaturization but also lab-on-a-chip sensing. For example, the micron and sub-micron V-
groove profiles mark a physically clear and addressable location of interest, e.g. for surface 
functionalization or the development of fluorescent point sources [44], and are also highly 
suitable to simultaneously act as micro or nanofluidic channels. The prospects of plasmonic 
V-grooves within the context of a lab-on-a-chip platform are made particularly promising due 
to the widely tunable intensity distribution of the propagating CPP evanescent field, for 
purposes such as 3-dimensional optical scanning or field overlap control. 
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